In view of the network security and reliability of the steering control system, redundant wired control networks are adopted in some ships. To solve the problems of redundant wired networks in ships, the paper designs a wireless network as a redundant network for a ship's control system. The paper applies wireless network control to course-keeping for ships in order to validate the effectiveness of the proposed ship wireless communication network. However, there are some problems, such as time delay and packet loss, in the wireless network control system (WiNCS). In view of the above problems, the codesign of a communication protocol and control algorithm is studied in the paper. From the aspect of communication, the design is based on the concurrent and disjoint multipath routing ZigBee network, which can ensure the effective application of the control algorithm. From the aspect of control, the design of the ship coursekeeping controller combines an improved gray model with the nonlinear robust controller based on the nonlinear decoration and integrator backstepping method, which can compensate for time delay and packet loss. In this paper, a simulation platform is designed to study the application of a wireless network control to course-keeping for ships. The experimental results also prove that the scheme is feasible and effective on a simulation platform. It is a beneficial attempt to apply the WiNCS to course-keeping for ships.
I. INTRODUCTION
Ships' wired networks face problems, such as the difficulties in ship wiring and fitting because of the confined spaces, high cost of wired cable, and harsh conditions of the engine room that make wired cable easily damaged. In addition, the informatized and electronic equipment are more portable, more mobile, and even smaller than the original equipment. Therefore, various micro intelligent terminals and sensors, instead of the original equipment play important roles in various aspects of ship functioning because in intelligent terminals, sensors can be installed flexibly, operated easily and cheaply. However, the wired network places great restrictions on the mobility and flexibility of the equipment. To solve the above problems, a wireless network is adopted to replace the wired network in a ship because it can not only achieve the on-demand deployment of a variety of intelligent The associate editor coordinating the review of this manuscript and approving it for publication was Zonghua Gu . terminals and sensors but also solve the problems associated with a wired network. Recently, the wireless network has mainly applied to ship monitoring and communication, identification, positioning, etc. In [1] and [2] , a ship monitoring system based on wireless network sensors collected data through sensor nodes and then sent them to the upper computer. The test results proved that the ship monitoring system based on wireless network can carry out real-time, continuous and reliable monitoring. In [3] , an automatic identification system based on a wireless sensor network was used for ship positioning. In [4] , a wireless sensor network was used for communication and positioning in ship networking, and the positioning algorithm in ZigBee protocol was studied. The steering control system is a navaid for controlling the steering engine according to the command signal and navigating a ship on the given course or track. In the system, real-time data are transmitted between the two pieces of equipment through the field bus network. In view of the network security and reliability of the steering control system, a redundant network needs to be adopted in the ship (for example, dual redundant CAN bus). However, there are no redundant control networks in some ships. Moreover, it is difficult to install a redundant wired network in the confined space of a ship, and the cost is high. To solve these problems, a redundant wireless network is adopted to replace the redundant wired network in the paper, which forms a hybrid network including wired network and redundant wireless network in the steering control system. The feedback control system is formed by a wireless network, which is called a wireless network control system (WiNCS). If a wireless network is applied to the steering control system with high reliability and high real-time character, problems such as time delay and packet loss must be solved effectively in WiNCS. Therefore, the codesign of a communication protocol and control algorithm is applied to the control of ship course-keeping. Research about ship course-keeping control has been conducted on an improved simulation platform [5] . From the aspect of communication, the design is based on the concurrent and disjoint multipath routing ZigBee network, which ensures the reliability of data transmission and effective implementation of the ship course-keeping control algorithm. From the aspect of control, the design of the ship course-keeping controller adopts a gray model to make a real-time prediction of time delay and ship course deviation. The predictive value is applied to the nonlinear robust controller, which can compensate for time delay and packet loss and provide appropriate control quality.
This paper provides four main contributions. First, a wireless network is used as the redundant network of a ship control system. In addition, wireless network control is applied to ship course-keeping. Second, the collaborative design of communication protocol and control algorithm is studied to solve problems such as time delay and packet loss in WiNCS. Third, the ship course-keeping controller is designed to combine the improved gray model with the nonlinear robust controller based on nonlinear decoration and integrator backstepping, which compensate for time delay and packet loss. Finally, a simulation platform based on the concurrent and disjoint multipath routing ZigBee network is designed to study the application of wireless network control to course-keeping for ships. ZigBee nodes run on the Mindows operating system and use the coulombmeter method to monitor the battery level.
II. DESIGN OF MULTIPATH ROUTING ZigBee NETWORK FROM THE PERSPECTIVE OF COMMUNICATION A. ZigBee NETWORK
ZigBee is a kind of wireless network protocol based on the IEEE802.15.4 protocol and has the advantages of low cost, low power consumption, a high level of security and confidentiality, large network capacity and high reliability. Therefore, it is widely used in low-rate wireless sensor networks.
The application of the ZigBee network on a ship is of great significance. Because the ZigBee network is an ad hoc network, any terminal equipment on the ship can act as a network node to join the ZigBee network at all times and places, which allows the wireless network to cover the whole ship.
B. THE SCHEME OF CONCURRENT AND DISJOINT MULTI-PATH ROUTING
When there is something wrong with a certain node on the path, a single-path wireless network cannot ensure that the data are transmitted reliably; however, multipath routing can transmit the data between the source node and the destination node by multiple paths, which can improve the reliability and real-time ability of data transmission. At present, many researchers have studied multipath routing schemes. In [6] , an energy-efficient trusted cluster-based routing protocol for WMSNs was proposed to overcome multiobjective problems, which can eventually maximize the network lifetime. In [7] , a routing method with a load balancing algorithm was proposed. The proposal uses the accumulated sending time of each terminal as a weight in calculating each path quality metric to decide multihopping routes with load balancing in the network. In [8] , a novel heuristic routing algorithm known as Quality of Service (QoS) was proposed to provide a multiobjective hybrid routing algorithm (Q-MOHRA) for heterogeneous WSN. Q-MOHRA considers the link (energy, hop count, link quality indicator, etc.) and path metrics for optimal path selection.
By referring to the above research results and considering the reliability and real-time ability of the steering control system, the paper adopts the concurrent and disjoint multipath routing ZigBee network and monitors node energy using a coulombmeter.
1) ROUTING DISCOVERY
Multipath routing can be divided into intersecting path routing and disjoint path routing. Each path of disjoint path routing is independent. When errors exist in one path, there is no impact on other paths, which can provide greater network fault-tolerance and ensure reliable data transmission [9] .
The topological graph of the disjoint multipath routing and concurrent transmission network is shown in FIGURE 1. S is the source node, D is the destination node, and P1, P2 and Pn are the disjoint paths in the wireless network. The steps to find the disjoint paths in the wireless network are as follows.
i. First, S sends a RREQ to an adjacent node. When the adjacent node receives the RREQ, it will reply to it if it is D. If it is not D, it will forward the RREQ to another adjacent node until D is found. In this way, the first path between S and D is found, and all nodes on the path are marked.
ii. Repeat the first step, and the second path is found. The marked nodes are not selected in search of the path, and other nodes that are not marked can be selected. That is, each node can only belong to one path.
The above steps are repeated to find the path between S and D, which is not finished until all disjoint paths between the two nodes are found. The disjoint multipath routing is established according to the hop count. The path with the smallest number of hops is P1, and the path with the largest number of hops is Pn. After multiple paths are found and marked, S and D can communicate with each other even though one node may fail, which improves the stability of the network.
2) PATH SELECTION STRATEGY
When S communicates with D in the wireless network, S sends the data by the path with the smallest number of hops in view of the time delay. On the other hand, S sends the same data by concurrent multiple paths at the same time.
The steps of path selection are listed below when S and D can communicate with each other.
i. When S sends the data to D, S first selects the paths with the smallest numbers of hops in the routing table, that is, P1 and P2, and sends the same data packet simultaneously.
ii. When D receives the data, it only receives the packet that arrives first and discards the packet that arrives later.
iii. If D finds continuous data loss in one path in the process of receiving the data, D provides feedback about the problem path to S. When S sends the data next time, it selects P3 in the routing table to replace the problem path.
III. DESIGN OF SHIP COURSE-KEEPING CONTROLLER FROM THE ASPECT OF CONTROL A. DESIGN OF SHIP COURSE-KEEPING CONTROLLER BASED ON THE WiNCS
To address some existing problems in the WiNCS, Chinese and international researchers have come up with various control methods. In [10] , a static controller was designed that takes the feedback from both state and output into account in order to solve the problems of modeling and stabilization for a wireless-based network control system with time delay. In [11] , a controller with explicit consideration of multipacket transmission was investigated with a special focus on lossy multipacket transmission in the wireless communication context. In [12] , a generalized predictive control with the Kalman state estimator was proposed to compensate for the wireless network-induced delay and packet loss.
Referring to the above research results, the controller in this paper was designed by using an improved gray model to predict system time delay and the deviation value between the input and output of a system at a given time and applying the predictive value to the nonlinear robust controller based on the nonlinear decoration and integrator backstepping method. The structure of the wireless network control system is shown in FIGURE 2, in which τ sc is the time delay from the sensor to the controller and τ ca is the time delay from the controller to the actuator. If the time when the controller runs the program cannot be neglected, it will be included into τ ca . Therefore, the total time delay of network can be expressed as τ = τ sc + τ ca . The system acquires the time delay of a loop by comparing the time of the output of the controller with the time of the input of the controller without considering the time synchronization problem [13] . In the k th period, the controller records the time mark t 1 (k) when the control quantity u 1 (k) is sent and the time mark t 2 (k) when the feedback quantity is received, which yields the time delay of the system loop in the k th period t = t 2 (k)-t 1 (k). At the same time, the controller compares the time mark between the output and input to judge whether the data packet is out of order and discards any data packet that is out of order. If the input time mark of the controller is not t 2 (k) in the k th period, the wrong data packet is received. The controller discards the wrong data packet, and the actuator compensates for the packet loss. For the packet loss from the sensor to the controller and from the controller to the actuator in the WiNCS, the actuator uniformly compensates for packet loss by setting a time threshold t f .When the actuator does not receive the data in t f , which is considered packet loss, the compensation control of packet loss is conducted in the actuator.
In the control structure, the two improved gray models are the time delay prediction model and the deviation prediction model. In the (k-1) th period, the time delay prediction model sets up an improved GM(1,1) model by using the time delay τ of transmission in the system loop, makes an online prediction of time delay τ in the k th period and inputs τ into the deviation prediction model. Another input into the deviation prediction model is ship course error e. In the k th period, the improved GM(1,1) model is established by using ship course error e. The deviation prediction model online predicts ship course error e 1 at moment k + τ and ship course error e 2 at moment k + τ + t f and transmits the predictive value e 1 and e 2 to the nonlinear robust controller, which determines the controlled variable u 1 (k + τ ) at moment k + τ and the controlled variable u 2 
Finally, the actuator manipulates the controlled object based on u 1 (k + τ ) and places u 2 (k + τ + t f ) in the buffer. u 2 always remains updated in the buffer. If the actuator does not receive the controlled variable in t f , u 2 in the buffer is applied to the controlled plant.
B. THE IMPROVED GRAY PREDICTION MODEL
For the uncertainty and randomized factors of the system, the gray prediction model can determine its change and development trend to predict the data and control the system. The gray prediction model only needs two parameters to satisfy the requirement of forecasting for a system with some unknown parameters and missing information due to its strengths of having few original data requirements and involving simple calculation steps for prediction [14] , [15] . When time delay and packet loss do not occur in the WiNCS, the data information is known and reliable. However, if time delay and packet loss do occur, the data information is inaccurate or unknown. Therefore, the WiNCS is regarded as a gray system. To predict the ship course error and time delay by the gray model, the known and reliable information is used to predict the unknown information and transmit the predictive information to the controller in order to compensate for time delay and packet loss.
The modeling process of the traditional GM(1,1) gray prediction model is demonstrated as follows:
Assuming that the original sequence is X (0) (k) = {X (0) (1), X (0) (2), . . . , X (0) (n)}, its first-order accumulating generation sequence is defined as X (1) (1) can be modeled by the first-order gray differential equation,
where a is the developing coefficient, b is the gray input, respectively. Therefore, the values of parameters a and b can be estimated by the least-squares error method as follows:
After obtaining a and b from (2), the solution of (1) can be further defined. The initial condition is set as X (1) (1), which is equal to X (0) (1), and the specified solution of (1) can be then defined aŝ
By substituting k = (n + 1) into (3), the one-step ahead prediction can be calculated aŝ
Finally, the predicted datum of X (0) (k +1) can be estimated asX
The GM(1,1) is the foundation of the gray prediction model. This paper attempts to enhance prediction precision in three directions, namely, initial condition selection, equal dimension and new information in the gray theory and background value optimization.
The GM(1,1) model allows new, high-precision data in complement while removing some of the oldest data; the original data are used to model the column vectors, with the dimension remaining constant. This is called the equal dimension and new information GM(1,1) model. Assuming that the original sequence is
. . X (0) (n + 1)} can be obtained through the equal dimension and new information GM(1,1) model.
For the sake of further optimizing the traditional GM(1,1), the optimized background value is used to replace the original background value. As an exponential function is adopted in the gray model, the background value should be optimized to fit the curve. By means of the integration of exponential function, the optimized background value is obtained, which can better fit the exponential function and reduce the errors of the traditional GM(1,1).
C. THE IMPROVEMENT OF INTEGRATOR BACKSTEPPING CONTROL FOR SHIPS WITH CONCISE ROBUST CONTROL AND NONLINEAR DECORATION
Course-keeping for ships is the core of automatic navigation in sea transportation. Much work has concentrated on developing novel control strategies for closed-loop systems. The closed-loop gain shaping algorithm is a concise robust control algorithm [16] . The controller designed by the closed-loop gain shaping algorithm has good robust performance, simple controller structure and concise controller design procedures, but proving the stability of the closed-loop gain shaping algorithm controller is slightly difficult because of its constructional nature.
The backstepping control is a kind of nonlinear controller design algorithm. Due to its unique advantages in dealing with nonlinear control problems, backstepping method has drawn much attention in the field of ship motion control. However, course-keeping control through the normal integrator backstepping method has the defects of introducing many adjustment parameters and not considering the energy cost of the actuator. To solve these problems, the closedloop gain shaping algorithm and backstepping method are used to complement each other. In [17] , an improved concise backstepping controller based on a Lyapunov candidate function were proposed, which introduces a nonlinear function of course error to replace the course error itself in the feedback loop. Compared with the pure backstepping control, the improved algorithm proposed reserves the nonlinear item of the system and possesses a strong disturbance rejection ability and robustness to the mathematical model uncertainty. In [18] , to simplify the design process of the nonlinear controller, decrease the number of undetermined parameters, improve robustness, and reduce the energy consumption of the course-keeping controller for ships, an improved concise design method is proposed by introducing an arctan nonlinear function passed through by course error signal under the backstepping design framework, while the design process of the controller is simplified to only one step. In [19] , to enhance the performance of the integrator backstepping controller, a control law formed by the closedloop gain-shaping algorithm is adopted to replace the linear terms in the original control law. Then, the improvement of integrator backstepping control for ships with concise robust control and nonlinear decoration was proposed to enhance the robustness of the controller.
To guarantee that the ship course ψ tracks the desired course ψ r , let e = ψ − ψ r , x 1 = ψ and x 2 =ẋ 1 = r =ψ; the nonlinear dynamic model of the ship can be described as
is the ship heading, K 0 and T 0 are the maneuverability indices of the ship, δ is the rudder angle, α and β are nonlinear parameters, is the uncertain disturbance and u is the designed control law for course-keeping.
For a system described as (6), the course-keeping controller design method via backstepping is as follows:
First, define the error of the system as
where σ is the virtual control variable, z 1 and z 2 are the state variables, and ξ is an integral term introduced in the controller design to eliminate the static error caused by an uncertain interference term .
Set the first Lyapunov function as
Define the virtual control parameter as
where c 1 >0 is a controller design parameter. Substituting Equation (9) into Equation (8), Equation (10) is obtained.
Second, define the second Lyapunov function as
where λ is a constant larger than 0.
Considering Equation (6) and Equation (7), Equation (12) is obtained.
Assuming there is no disturbance term in (12) .
where
where c 2 > 0 is a design parameter. According to Equation (13) and Equation (14), we havė V 2 = −c 1 z 2 1 − c 2 z 2 2 ≤ 0. According to the Lyapunov stability theorem, the error z 2 can be stabilized by the control law (14) without consideration of interference term .
For the system (6) and system error definition (7), the control law of the system can be defined as
where η > 0 is a design parameter. According to Equations (11), (12) and (15), we havė
The control law can be redesigned with the introduction of a nonlinear damping term to eliminate the uncertainty term.
We needs to prove z 2 ≤ 0 to achieveV 2 < 0. According to [19] , we havė
should be proved. Moreover,
can be expressed as
According to Equation (17), we have
Substituting Equation (18) into Equation (16), we achievė V 2 < 0.Because ∞ ≤ ρ, when the condition R = z 2 : |z 2 | > ρ 2 √ ηc 2 is satisfied, the stability of the system error z 2 incorporating the uncertain disturbance can be guaranteed by the definition of the control law (15) .
According to [17] - [20] , the designed control law u can be used directly when designing a nonlinear controller based on integrator backstepping methodology.
where v = k p e 1 + k i e 1 dt + k dė1 .
The design scheme of the closed-loop gain shaping algorithm controller is used to design the linear PID controller, and the sensitivity function T of the closed-loop system is given as
where the controller K can be easily deduced based on the selection of the bandwidth frequency of the closed-loop system 1/T 1 and the controlled plant G.
The ship model, a standard Nomoto model, is expressed in Equation (22).
To eliminate the steady state error using the closed-loop gain shaping algorithm, a minor constant ε(0.01) is added into the denominator of the Nomoto model [20] . Then, Equation (23) is obtained:
According to [17] - [20] , the nonlinear decoration control law u can be obtained as follows, where 0< ω <1.
The stability of the proposed nonlinear robust control law is proved based on the Lyapunov theorem. The controller design procedure is definite and simple without reducing the robustness and control performance. Only two tuning parameters (ω and T 1 ) need to be selected, and T 1 can be determined according to the system bandwidth.
IV. SIMULATION PLATFORM AND SIMULATION STUDY A. SIMULATION PLATFORM
To study the application of the redundant control network to the steering control system, a simulation platform based on a realistic hybrid network was established, which includes a network module, ship model and controller module. A photo of the simulation platform is shown in FIGURE 3. The network module consists of a wired network and a redundant wireless network. The wired network uses Internet as a carrier to transmit the data. The redundant wireless network employs the ZigBee module as the communication module. The program of the ZigBee module is written by C language. The components of the ZigBee network are the terminal node, routing node and coordinator. The terminal node is responsible for collecting and processing the information and communicating with the routing node. The routing node establishes a channel that is used to transmit the communication between the coordinator and the terminal node in order to facilitate the transmission of information and expand the scope of the network. The coordinator establishes the ZigBee network, sets the relevant configuration of the network, receives data information from each node and transmits the computer's orders to the corresponding nodes. To enhance the coordinator's real-time capability, stability and task management, the STM32 microcontroller is used as the core of the coordinator. It runs the real-time Mindows operating system and communicates with the ZigBee module through the USART interface. The operating system run is called Mindows, a small and real-time embedded operating system written in the development environment of Keil MDK4.70 and used in embedded devices. The user entry of the Mindows operating system is the MDS_RootTask function rather than the main function, and the user can write the user code directly without considering the initialization process after entering the user program. Each C file of the operating system has two h header files, and the inner header file is the internal header file of the operating system, which contains only internal information and is not provided to the user. A header file without an inner header file is an external header file that comprises information available to the operating system and the user. FIGURE 4 shows the corresponding relationship of the Mindows operating system file. Mindows supports a multitasking preemptive system, which achieves the real-time switching of tasks, implements the semaphore mechanism and message queue, and can cut off unwanted functions. The detailed information was shown in [21] .
For the problems regarding the power of the ZigBee nodes, the power of nodes is supplied by two dry batteries. STC3100, a battery monitoring chip with a coulombmeter, is adopted in each ZigBee node to prevent node failure in case of a dead battery, accurately monitor battery voltage, temperature and current and ensure the real-time output of battery power. When the battery power is low, the node sends a warning message to the upper computer and informs users of the need for timely replacement of the battery in the node. In addition, auto reboot at regular intervals is set in the ZigBee node to avoid the abnormality of a node for a long period.
The ZigBee nodes visit the STC3100 register and read data regarding aspects such as the change in battery level, battery voltage, electric current and temperature. When the operating system processor starts, it sets the parameters of STC3100 register and launches its tally function of the battery level. If the operating system processor is starting for the first time, the gateway first forecasts the battery level through the battery voltage. Then, it calculates the battery level in real time. The flow chart is shown in FIGURE 5 . The battery level varies with the temperature, the numbers of cycles of charging and discharging and the battery life. In addition, the accumulative errors caused by many factors such as temperature, aging of the battery and resistance accuracy should be considered to obtain an accurate battery level. Therefore, the gateway regularly eliminates accumulative errors to maintain the accuracy of the battery level monitoring.
The ship model and controller module are written by VB language and run respectively in two upper computers. They establish the wired network based on TCP/IP protocol through the Winsock, use the RS232 serial port protocol to establish the connection communication with the wireless network by the MSComm and concurrently send the same data to keep the real-time data communication through the Internet and ZigBee network. The function structure diagram and flow diagram of the simulation platform are shown separately in FIGURE 6 and FIGURE 7 .
When the simulation platform runs, the parameters regarding time delay and packet loss are first set in the network module. Then, the communication is set in the ship model and controller module. Finally, the network connection is established. After that, the ship course is set, and the control algorithm is chosen in the controller interface. In the ship model interface, the ship model is selected, and the ship data the simulation of the control of the ship course-keeping based on wireless network control in the redundant ZigBee network in case the Internet network cannot be connected. The ten network nodes are placed in the redundant ZigBee network of 200 m × 5 m. According to the construction method of the path proposed in this study, there are three concurrent and disjoint paths between the two upper computers.
When the metal door of the ship engine room is closed, the wireless signals can be obstructed. To solve this problem and ensure the reliability of wireless communication, the nodes are placed inside and outside the door of the engine room, and they communicate with each other through RS232 serial ports. The experiments of data collection that put emphasis on the packet loss rate are conducted in the simulation environment of the ship engine room to prove the feasibility of this design. By comparing and analyzing the data packets that the ship model and controller send and receive, the packet loss rates are worked out when the metal door of engine room is closed, as shown in TABLE 1. The table shows that the maximum packet loss rate is 0.29%, and the average packet loss rate is 0.22%. The experiment results prove that the packet loss rate is low, which can meet the needs of the ship communication and verify the reliability of the data communication. In the simulation experiments, the setting course is 20 • . The sampling period T is 1 s, and the simulation time t is 2200 s. When the simulation time is 200 s, the Internet is disconnected. In the simulation time from 200 s to 600 s, wireless network experiences no interference. Since the simulation time is 600 s, the wireless network experiences interference. The time delay [0, 4T ] is set in the network module from 600 s to 900 s. The time delay 10T is set in the network module from 1000 s to 1200 s. When the simulation time is 1600 s, the packet loss rate is set at 100% in the network module. The simulation results are presented in FIGURE 8 and FIGURE 9 . Dfai is the course error, and δ is rudder angle. The two schemes about the application of wireless network control to ship course-keeping control are as follows.
In the first scheme, the robust PID control is used to simulate ship course-keeping control on the simulation platform. The simulation result without considering the WiNCS problems is shown in FIGURE 8.
In the second scheme, the collaborative design of the communication protocol and control algorithm is studied to solve problems such as the time delay and packet loss in WiNCS. The ship course-keeping controller is designed to combine the improved gray model with the nonlinear robust controller based on the nonlinear decoration and integrator backstepping method. FIGURE 9 shows the simulation result when considering the WiNCS problems. In the gray model of the controller, n = 10 and time threshold t f = 10 T .
It can be seen in FIGURE 8 that small amplitudes of fluctuation appear in the ship course because of some instable factors in the normal wireless network. When the small time shows that the rudder angle fluctuates ±2 • around −2 • in the normal wireless network. The ship course control has a satisfactory effect. After the small time delay is set, the ship course has a smaller overshoot. After the large time delay is set, the percentage of overshoot is 10%. When the packet loss rate is set at 100% in the sampling period 15T , the percentage of overshoot is 25%, and the rudder angle fluctuates ±10 • around −2 • .
Through the comparison and analysis of the results between FIGURE 8 and FIGURE 9, it is found that the first and second schemes are adopted to stably control the ship course in the normal environment of the wireless network. When the small time delay is set, the control effects in the second scheme are better than those in the first scheme.
When the large time delay is set, the control effects in the first scheme are unsatisfied, but they have good performance in the second scheme. When the high rate of packet loss is set, the first scheme adopted is unable to stably control the ship course. However, the control effects are satisfied in the second scheme, and the second scheme achieves the purpose of ship course-keeping control. It can be concluded that the ship course can be controlled stably when the small time delay is set whether the WiNCS problems are considered or not. On the other hand, when the large time delay and high rate of packet loss are set, the ship course cannot be controlled stably if the WiNCS problems are not considered. Therefore, the ship course-keeping controller based on WiNCS is adopted to achieve improved control performance and robustness.
V. CONCLUSION
With the development of ship wireless network technology, wireless networks are applied in ship control systems. For ships in which a redundant control network needs to be installed, this paper proposed a scheme in which a wireless network can be used as a redundant network, which can solve the problems of a redundant wired network and which has the characteristics of flexible installation, low cost and powerful extensibility. The paper applied wireless network control to course-keeping for ships in order to validate the effectiveness of the proposed ship wireless communication network. For the problems concerning node power, the coulombmeter is adopted in each node to monitor node power in real time. In view of other problems in the WiNCS, the codesign of a communication protocol and control algorithm was studied to solve problems such as time delay and packet loss. In this paper, a novel idea is presented, and the ship course-keeping controller is designed by using an improved gray model to predict the system time delay and the deviation value between the input and the output of a system at a given time and applying the predictive value to improve the integrator backstepping control with concise robust control and nonlinear decoration, which can compensate for the time delay and packet loss. The experiment results prove that the ship course-keeping controller based on the WiNCS has improved control performance and robustness. Furthermore, in extreme network environments, the scheme can optimize the overall performance of wireless network control and yield better control effects, which has some reference value in practical application. In the future, we will carry out the practical implementation of the control system.
